One of the key enabling features of coherent Raman scattering (CRS) techniques is the dramatically improved imaging speed over conventional vibrational imaging methods. It is this enhanced imaging acquisition rate that has guided the field of vibrational microscopy into the territory of real-time imaging of live tissues. In this feature article, we review several aspects of fast vibrational imaging and discuss new applications made possible by the improved CRS imaging capabilities. In addition, we reflect on the current limitations of CRS microscopy and look ahead at several new developments towards real-time, hyperspectral vibrational imaging of biological tissues.
Introduction
If the distribution of all the biomolecular constituents that make up biological tissue could be reliably visualized into high-resolution, three-dimensional maps, then biomedical scientists would be able to investigate tissue biology and pathology directly from a molecular perspective. Such a visualization tool does not currently exist, but given the enormous impact that it could have on the field of biomedicine developing one is a laudable goal.
Optical techniques have been superior in generating high-resolution maps of live tissues. At the same time, the molecular contrast offered by optical imaging is a far cry from the ideal molecular contrast tool mentioned above. It is clear that fluorescence and refraction based techniques will never be able to identify an arbitrary molecular compound in tissue, since only a handful of endogenous compounds fluoresce, and refractive effects carry no significant molecular specificity. On the other hand, vibrational imaging techniques offer more promise. A wide variety of molecular compounds can be probed, including important classes such as water, proteins, lipids, and carbohydrates. Although it ultimately falls short of the idealized tool -the variation in bond types is too limited to allow full discernment of all molecular species -its capacity to identify many important groups, and its label-free, non-invasive characteristics, make it stand out over all other optical techniques as being the closest to the ideal.
The conventional vibrational imaging technique is Raman microscopy. Introduced in 1966, Raman microscopy combines spectroscopic vibrational contrast with a high spatial resolution. It has found many applications in biological imaging, material science and forensic research [1, 2] . The chemical contrast is derived from the Raman spectrum, a rich collection of signatures that can be traced to chemical bond vibrations [3, 4] . The amount of detail that can be extracted from the Raman spectrum is impressive. For instance, the chemical selectivity of Raman spectroscopy has been used in cancer [5] [6] [7] and atherosclerosis [8] [9] [10] research to discriminate healthy from diseased tissues, based on only small differences in chemical composition. Similarly, glucose in blood plasma can be detected at physiologicically relevant concentrations on the order of 10 mg/dl [11] . These examples point to the general applicability of Raman spectroscopic sensitivity for the detection of molecular compounds in biological materials [12] .
Practical limitations have so far prevented Raman microscopy from reaching its full potential. One these limitations -the most important -is speed. Conventional Raman microscopes, which are based on the spontaneous Raman effect, cannot deliver the imaging speed required for routine biomedical imaging applications. The intrinsically weak Raman signals severely limit the achievable image acquisition rate.
The development of coherent Raman scattering (CRS) microscopy techniques over the last decade has resulted in important steps toward resolving the speed issue [13] [14] [15] [16] . Although CRS exhibits several unique attributes, its most important contribution to biomedical imaging has been the dramatic reduction in acquisition time. In this feature article, we will discuss several ways in which the improved speed of CRS microscopy has transformed the biomedical imaging field. In addition, we will touch on some of the challenges that lie ahead in moving towards the realization of a more generally applicable visualization technique.
Limitations of spontaneous Raman scattering
The signal strength obtained by spontaneous Raman microscopy, and thus the acquisition speed, is limited by the small Raman cross sections of organic compounds and the inability to maximize laser intensity due to concerns over sample damage. The Raman cross section, a material property, is a measure of the probability that a given molecular vibration will produce a Raman-shifted photon. Cross sections are on the order of 10 −29 cm 2 , which for a typical (pure) organic liquid roughly translates into one out of 10 million incident photons producing one Raman scattered photon, assuming incident light travels through 1 cm of liquid.
For macroscopic Raman measurements, such low scattering efficiencies do not pose a limitation per se. For instance, 10 mW of visible excitation light will generate roughly 10 9 Raman scattered photons per second in a 1 cm cell of organic liquid. This is more than enough to collect a high quality Raman spectrum. For microscopy applications, however, the low scattering efficiency does make a difference. For example, probing a volume of 1 cubic micrometer with 10 mW of laser power, roughly 10 5 photons are scattered per second. Given that only a fraction of these are actually detected, the number of photons registered is well below 100 counts per millisecond. Using spectrometers equipped with electron multiplying CCD cameras, such counting rates force the shortest pixel dwell times to be in the ms range and up [17] . These are the fastest Raman acquisition speeds currently available; speed is not limited by detection capabilities as much as the finite photon flux. These maximized rates can only be achieved for highly concentrated and condensed materials, such as pure liquids and solids. Longer acquisition times are needed for diluted and heterogeneous samples, such as biological tissues and cells. Imaging of live biological specimens requires pixel dwell times on the order of a microsecond. Under these conditions, the process of spontaneous Raman scattering cannot deliver sufficient amounts of photons to enable sufficiently fast imaging. For real time imaging of biological materials, other approaches must be used that scatter more photons per time unit.
One strategy to increase the photon count is to increase the incident power. Raising the power is not a general solution, however, as photodamage to the sample can occur. Another strategy is surface-enhanced Raman scattering (SERS), which avoids the need for high power by concentrating the light in nanoscopic hotspots [18] [19] [20] . The high excitation density in these hotspots generates detectable Raman signals even at low copy numbers approaching the single molecule limit [21, 22] . This approach is unsuitable for general imaging purposes, however, due to the localized nature of SERS and its reliance on exogenous nanoparticles.
Yet another strategy to boost the Raman signal is to select only those molecules with strong electronic transitions, which in turn electronically enhance the vibrational Raman response [23] . While this resonant Raman approach is useful for the spectroscopic investigation of particular molecular chromophores, it is not generally applicable for the label-free visualization of biological materials.
Coherent Raman scattering avoids many of the above mentioned limitations. CRS imaging techniques form a convenient solution for boosting the amount of Raman scattered photons. Stronger signals are obtained because in CRS the molecules are driven coherently, which makes them radiate in unison [24, 25] . The resulting signal is coherently amplified through constructive interference in a well-defined, phase-matched direction [26] . The directional signal enables efficient detection of the Raman response. The coherent amplification effect is particularly effective when the number of Raman scatterers in focus is high. For instance, when the microscopic focal volume is filled with lipids, the number of detected photons in coherent anti-Stokes Raman scattering (CARS), generated from the CH 2 stretching mode, can easily exceed 10 2 per microsecond at 10 mW of illumination. With such high signal levels, real-time Raman imaging of biological tissues becomes feasible.
CRS techniques, including CARS and stimulated Raman scattering (SRS), have opened up Raman-based imaging to a broad range of biological and biomedical applications. The stronger signal levels in CRS allow for image acquisition at video rate, corresponding to 30 frames per second and pixel dwell times as short as 100 ns. Applications that were previously unthinkable to a Raman spectroscopist, such as real-time imaging of live human tissues, have now become a reality.
Fast imaging with CRS
The fast imaging capability of CRS microscopy enables completion of various tasks that were previously beyond the scope of conventional Raman microscopy. First, the faster imaging speed permits imaging of large tissue segments at high resolution. Because tissue maps are composed of millions of point measurements, fast imaging capabilities are essential to generate such maps within a realistic time frame. Second, high-speed imaging has allowed imaging of live tissues. The rapid motion of live samples can give rise to blurring of images, which is naturally circumvented when the imaging acquisition rate sufficiently high. Third, fast imaging enables visualization of dynamic processes. Many biologically relevant processes occur over short enough time spans to preclude the use of slower spontaneous Raman technologies. Below we summarize some recent advances in these areas.
Imaging of large tissue sections
An important application of high speed CRS imaging is the visualization of large tissue segments. Chemical and structural details relevant to the biology and pathology of tissues manifest themselves on a wide range of length scales, from sub-cellular details to mesoscopic scale tissue morphology. While covering surface areas of up to several cm 2 , chemical maps of tissues need to retain sufficient resolution to capture microscopic features as well. This broad range of spatial scales requires a high density of data points.
To accomplish this with laser-scanning microscopy, large-scale tissue maps are typically generated by recording adjacent individual images at a smaller field of view, which form the tiles of a larger mosaic. Consequently, the total amount of individual point measurements is large, and the compiled tissue maps can easily contain more than several Gigapixels. Fast imaging capabilities are crucial to keep the acquisition of such large maps within realistic time frames. Here, the difference between a microsecond and a millisecond pixel dwell time is vast, as the shorter dwell time would enable the recording of a 1 Gigapixel map in approximately 17 minutes while the longer pixel dwell time would require 12 days of measurement time.
Centimeter scale tissue maps have been constructed in several ex vivo CRS studies.
Examples include neural injuries [27] and myelination disorders in live spinal tissues [28] [29] [30] , mapping of atherosclerotic plaques in aortas [31] [32] [33] , demarcation of brain tumor boudaries [34] , and establishing correlations between mammary tumor growth and lipid ingestion [35] . In these studies, tissue maps are generated that cover up to several centimeters in lateral and hundreds of microns in axial distance, while preserving the (sub-)micrometer resolution offered by the high numerical aperture objective. An example is given in Figure 1 , where a mosaic of CARS images provides chemical contrast between lipid-rich white matter and lipid-poor grey matter in a cerebellum tissue section [36] .
Imaging of live tissues
Raman imaging of live tissues is an application in which fast imaging capability is indispensable. There are several reasons why high image acquisition rates, from several frames per second up to video rate, are advantageous for live tissue imaging applications. First, the region of interest in the tissue of animals or human subjects is typically a small part of a much larger area. To find the target area, or to inspect features over a larger area, it is necessary to move the field of view laterally and axially through the tissue. This microscopic browsing of a macroscopic tissue requires real-time imaging to maximize the efficiency of the microscopist and to minimize discomfort to the subject. Second, the intrinsic movement of the tissue, due to pulsation of blood vessels, breathing, or positional adjustments by the subject, poses a challenge to microscopic imaging. Where motions in the tissue occur at a faster pace than the imaging frame rate, blurring of the images is inevitable. Tissue motions can manifest over several length scales, from microscopic to complete translation of the tissue sample, introducing artifacts in the image that are difficult to eliminate retro-actively. Imaging at video-rate enables image acquisition in which the individual frames show minimal blurring due to pulse pressure, breathing, or other common movements. Under these conditions, lateral translational movements in the range of up to several tens of microns can be addressed with postprocessing image correction methods, producing virtually motion free time-lapse recordings [37] .
Third, fast imaging can mitigate photodamage caused by excitation radiation. Shorter pixel dwell times minimize persistent light exposure in each illuminated spot, which reduces the photodamage that is caused by linear heat absorption. In general, faster imaging enables quicker acquisitions and thus minimal light exposure per unit area examined.
High speed CRS microscopy has been successfully used to collect chemical selective signals from various tissues in rodent models in vivo. Video-rate CARS microscopy of live mice enabled visualization of lipid rich structures in the skin, including sebaceous glands and dermal adipocytes [38] . The fast imaging capability of CARS was also crucial in studies focused on demyelination processes in the spinal cord of mice in vivo (Figure 2 ) [27-29, 39, 40] , producing important insights into the pathology of neural injuries and possible treatments for multiple sclerosis [41, 42] . In addition, fast CARS signal acquisition has been key for the intravital identification of circulating tumor cells in blood vessels of mice [43] .
Besides live tissue imaging in small animal models, CRS imaging has been applied to the examination of human skin in vivo. Using a microscope system equipped with a flexible arm that is optimized for clinical use, König et al demonstrated depth resolved CARS imaging of lipid and water distributions in human skin in vivo [44, 45] . Similarly, video-rate SRS imaging was shown to be capable of generating protein density maps of skin of human subjects [46] . It was found that topically applied d-DMSO percolated predominantly through the skin along hair shafts. Work in this direction indicates the capabilities of CRS modalities for expanded clinical applications.
Visualizing dynamic processes
Prior to the development of CRS imaging, the long acquisition times characteristic of vibrational microscopy limited applications to the study of inanimate specimens. The fast imaging capability introduced by CRS has permanently opened the door to the examination of live cells and tissues. As part of this, faster imaging enables a time-and space-resolved view of dynamic processes of biological relevance.
The sub-second CRS image acquisition rate is sufficient to register a wide range of dynamic processes in live cells. For instance, CARS microscopy has been used to determine the water diffusion and permeability parameters in amoeba and neutrophile cells (Figure 3 ) [47, 48] . The combination of high speed imaging and sensitivity to lipids has furthermore propelled several CARS studies on the dynamics of intracellular lipid droplets. Examples include the characterization of lipid droplet trafficking in adrenal cortical tumor cells [49] , lipid droplet growth and distribution in human hepatoma cells [50] , lipid droplet remodeling due to lipolytic stimulation in fibroblast cells [51] , and lipid droplet variability in induced adipogenesis [52] . In addition to visualizing mobile lipid droplets in individual cells, CRS microscopy has also been used to identify lipid reservoirs and study lipid metabolism in living nematode organisms [53] [54] [55] [56] . Nematodes can be very mobile in the seconds to minutes range, even when restraints to movement are employed.
Besides capturing stills of moving eukaryotic cells and organisms, high speed CRS imaging has also proven useful for studying diffusion and chemical kinetics in a variety of biological systems in vitro. Examples include the use of CARS to examine the real-time dissolution of the drug theophylline anhydrate from tablets [57] , and the use of SRS to follow the diffusion of pharmaceutically relevant agents such as ketoprofen and propylene glycol through skin specimens ex vivo [58] , Also, multiplex CARS has been used successfully for following the kinetics of lipid digestion by lipase enzymes (Figure 4) [59] . The spectral acquisition rate was reduced to 20 ms per pixel, which allowed complete spatial mapping of the digestion of 10 micrometer-sized lipid droplets on a timescale relevant to lipase kinetics. For biological samples of this nature, comparable image acquisition times are extremely challenging to achieve with spontaneous Raman microscopy.
Another example of the capability of CRS to resolve spatially variant chemical kinetics is demonstrated in studies on delignification and cellulose hydrolysis in plant materials. Saar et al recently generated spatiotemporal maps of the chemically induced delignification process in corn stover specimens, allowing a spatial analysis of reaction dynamics ( Figure 5 ) [60] .
This work nicely demonstrates the unique analytical capabilities of fast chemical imaging, which enables the direct measurement of bond selective chemical conversions.
Limitations of high-speed CRS imaging
The fastest implementations of CRS imaging have thus far been based on narrow bandwidth (single frequency) excitation of selected Raman lines. Using picosecond laser beams, CRS imaging can routinely be accomplished with sub-microsecond pixel dwell times, generating images with contrast based on a narrow segment (1-10 cm −1 ) of the Raman spectrum. Compared to spontaneous Raman microspectroscopy, speed is gained at the cost of information loss; the narrow bandwidth provides limited spectral information. For several applications, most notably the visualization of lipids, the single frequency vibrational contrast is sufficient for quantitative identification of the target compounds. Many other applications, however, would benefit from a higher information density in the spectral dimension.
The success of high-speed CRS imaging rests on the principle of spectral reduction. Practical limitations have thus far complicated the expansion of CRS to wider (multiplex) spectral bandwidth excitation. Multiplex methods typically utilize a CCD based spectrometer for spectrally resolving the signal. Technical restrictions, such as finite camera read out times and intrinsic signal loss due to passing scattered signals through slit apertures, currently limit pixel dwell times in multiplex CARS to the 10 ms range [61] [62] [63] . Although multiplex CARS is superior in its analytical capabilities compared to narrow bandwidth CARS, the associated dwell times are presently more than four orders of magnitude longer, illustrating the inverse relationship between spectral bandwidth and imaging speed.
Single frequency and multiplex CRS have independently grown into useful tools for biomedical and biological research. The current and future challenge is to merge the highspeed capabilities of narrowband methods with the expanded spectral information of broadband techniques. Substantial progress has already been made. For example, modestly dense spectral information has been obtained by using wavelength sweeps in single frequency CRS; pixel dwell times in the 1 to 10 ms range have been achieved while scanning a spectral region of several hundreds of wave numbers in width [64, 65] . An example is given in Figure 6A and B, where a SRS hyperspectral image of a meibomian gland is shown. The added spectral dimensions in wavelength-swept CRS imaging allows for a more complete chemical analysis of the sample and enables the use of multivariate analysis methods [66] . In Figure 6C and D, an illustration is given of the advanced analysis possible with SRS spectral imaging of cells, which enables a label-free identification of distinct regions in the cell. Further advancements of wavelength swept CRS imaging will depend on improvements of the light source. Finer tuning, faster spectral scanning, and reduced noise could push this approach well into the regime of microsecond pixel dwell times.
An alternative hyperspectral CRS method is based on proper conditioning of broadband excitation. The use of spectral phase and amplitude masks produced by spatial light modulating technologies allows excitation of multiple selected Raman profiles. In this way, several chemical species can be simultaneously discriminated. The approach has been used for SRS imaging of oleic acid and stearic acid in C. elegans, with effective pixel dwell times of 100 microseconds [67] . In the years to come, it can be expected that spectral conditioning methods will improve, both in speed and bandwidth, ultimately combining the high-speed imaging capabilities of picosecond CRS with the spectral breadth of Raman spectroscopy. 
Conclusions

